ABSTRACT A method for rapidly determining t,t-muconic acid (MA) by high performance liquid chromatography was developed and successfully applied to urine samples from 152 workers exposed to benzene (64 men, 88 women) and 213 non-exposed controls (113 men, 100 women). The MA concentrations in urine correlated linearly with time weighted average benzene concentrations in the breath zone air of workers. A cross sectional balance study showed that about 2% of benzene inhaled is excreted into the urine as MA. The MA concentrations in the urine of the non-exposed was below the detection limit ( < 0 1 mg/l) in most cases, and the 95% lower confidence limit of MA for those exposed to benzene at 5 ppm (5-0 mg/l as a non-corrected value) was higher than the 97'5%-tile values for the non-exposed (1-4 mg/l). In practice, it was possible to separate those exposed to 6-7 ppm benzene from the non-exposed by means of urine analysis for MA. The urinary MA concentration was suppressed by coexposure to toluene.
Benzene, an established human leukaemogen,' is an important material in the chemical industry, and it is also known to be present in petrol2 and in petroleum distillate solvents of low boiling point.3 Accordingly, efforts have been made to identify exposure markers, preferably in urine, which are sensitive enough to detect benzene exposure at or below 10 ppm. 45 The present report is an extension of three previous studies on the biological monitoring of exposure to benzene by means of urine analysis for metabolites such as phenol,5 catechol, and quinol,6 and on the effects of combined exposure to toluene.' A time and work saving method of urine analysis for t,t-muconic acid (MA) has been developed and successfully used for the biological monitoring of workers exposed to 6-7 ppm benzene.
Materials and methods

WORKERS STUDIED AND URINE COLLECTION
Those who participated in this study were 152 workers exposed to benzene (64 men exposed up to 92 ppm, 88 women up to 210 ppm), 55 male workers exposed to a mixture of benzene (up to 1 6 ppm) and toluene (up to 114 ppm), and 213 non-exposed workers (113 men, 100 women) in factories in China. The jobs of the Accepted 2 February 1988 exposed workers have been described previously8; the benzene workers were mostly shoemakers whereas the workers with mixed exposure were predominantly painters. The urine samples were collected at 1500 in the second half of a working week, when the concentrations of benzene metabolites in urine are expected to reach a maximum.9 URINE ANALYSIS FOR t,t-MA The high performance liquid chromatographic (HPLC) method of Karim et all' for t,t-MA was simplified for urine analysis as follows: an aliquot of urine sample, kept frozen and thawed immediately before analysis, was well mixed with an equal volume of methanol. The mixture was spun at 3000 rpm for 10 minutes to remove precipitates as in urinary hippuric acid determination." The supernatant layer (5 to 10 pl per injection) was introduced into a HPLC (Hitachi Model 635) equipped with a Spherisorb ODS 5 im column (4 mm in inner diameter and 250 mm in length). The mobile phase (one volume of methanol mixed with nine volumes of 1% acetic acid) was allowed to flow at a rate of 1-0 ml/min, and the eluates were monitored at a wavelengthi of 265 nm.' The MA peak appeared at 10 to 11 minutes after the injection with no interference by other urine components (fig 1) . The results were presented as observed (in terms of mg/l), or corrected for creatinine concentration (mg/g show that urinary concentrations after exposure at 6 ppm and above are higher than non-exposed concentrations. (table  2) . This difference, however, disappeared when women exposed to more than 100 ppm benzene were excluded from the comparison (table 2) .
SEPARATION OF THE BENZENE EXPOSED FROM THE NON-EXPOSED BY URINE ANALYSIS FOR t,t-MA
As the 95% confidence range for group means was narrow in all cases studied (fig 3) , we investigated what would be the lowest benzene concentration at which the MA in the urine of the exposed would be higher than that of the non-exposed. Comparison was made (table 3) between the 97-5%-tile values of MA in the urine of the non-exposed and the 95% lower confidence range of MA in the urine of those exposed to benzene at 5 ppm, half the level of the currently recommended occupational exposure limit in Japan. '8 It was evident that the former values were all smaller (36% at maximum) than the latter in both sexes and with or without correction for urine density. When observed MA values for those exposed to 3-7 ppm benzene (13 men, 6 women) were superimposed in the frequency histograms for the non-exposed, the MA concentration in one woman with 5 ppm exposure (out of six with 3-7 ppm exposure) fell in the non-exposed range (bottom in fig 2) , whereas no such case was observed in men (top in fig 2) . The findings, one from statistics and the other from observation, suggest that MA urine analysis is useful at a group level to identify those exposed to over 6-7 ppm benzene (as a TWA benzene concentration over a day shift). No difficulty is expected for group monitoring at 10 ppm level. As the lower 95% confidence limit of individual values passed the horizontal axis at 25-50 ppm in all cases examined (fig 3) , however, MA analysis is unsuitable for monitoring individual exposure.
DECREASED URINARY t,t-MA CONCENTRATION DUE TO COMBINED EXPOSURE TO TOLUENE
The relation between the intensity of exposure to benzene and the urinary MA concentration was examined in male workers exposed to a mixture of benzene and toluene and the results were compared with the findings in the male workers exposed to -benzene only. Combined exposure data for women were too few to allow statistical analysis. The comparison showed that the urinary MA concentration was much less in the workers with combined exposure than in the workers exposed to benzene only. The slope of the regression line for the mixture group (0-2-0-3 mg/l Inoue, Seiji, Nakatsuka, Watanabe, Yin, Li, Cai, Jin, Ikeda coefficient larger than 0) related to the intensity of the exposure to benzene. Of particular interest is the observation that the MA concentrations relate negatively (with a coefficient smaller than 0) to coexposure to toluene; the correlations were significant (p < 0-01) but the coefficients were between -0-2 and -0 3. Thus it is plausible to conclude that the urinary MA concentration is reduced by coexposure to toluene.
Discussion
With assumptions that the absorption rate of benzene through the lungs at the steady state is about 50% and that the respiration rate is 15 I/min, then the amount of benzene absorbed by a worker exposed to benzene at 100 ppm will be 2392-5 pg/min.56 When the rate of excretion of urine is assumed to be 1 ml/min it is possible to show from the present findings (table 2) that the amount of benzene excreted into urine as MA may be calculated as 0-829 x 100 (mg/l) x 1 x IO-' (1/min) = 82-9 pg/min or 45-6 pg/min as benzene (= 82-9 pg/min x 78 11/142-11) where 78-11 and 142-11 are the molecular weight of benzene and MA, respectively. Based on the cross sectional calculation, therefore, it is possible to estimate that about 1[9% of benzene absorbed will be excreted into the urine as MA. A similar calculation for phenol, catechol, and quinol shows that the amount of absorbed benzene excreted in the form of the three phenolic metabolites is 13-2%, 1-6%, and 10 1%, respectively.56 MA is a minor metabolite of benzene in man as it is in rabbits. '9 Nevertheless, MA is the only exposure indicator with which those exposed to 6-7 ppm benzene can be separated on a group basis from those not exposed ( fig  3; table 3 ); this cannot be achieved with the other three metabolites so far studied.56 This high sensitivity is primarily due to very low urinary background levels of MA among the non-exposed, which was not the case with phenol,5 catechol, or quinol.6
While the non-invasive nature of urine analysis for group.bmj.com on July 7, 2017 -Published by http://oem.bmj.com/ Downloaded from Urinary t,t-muconic acid as an indicator ofexposure to benzene MA is an apparent advantage over blood analysis for benzene, one major drawback is that the urinary MA concentration is lowered by coexposure to toluene. As toluene is a widely used solvent"2' and benzene in solvent preparations is often combined with that of toluene,23 this possibility should be taken into account when exposure to benzene is biologically monitored by means of urine analysis for MA.
Regarding the metabolism of benzene, the observation of particular interest is that the coexposure to toluene results in extensive reduction of urinary excretion of MA (table 3) 
